We have performed experiments using a EURO 5 light passenger vehicle, operated over the New European Driving Cycle (NEDC). Fuel blends containing 7% (B7) and 20% (B20) of biodiesel (84% soyabean/16% palm) in petroleum-based diesel were tested and compared with a diesel fuel (B0). The exhaust gases emissions were assessed for NO, NO 2 , SO 2 and volatile organic compounds (VOC), including a speciation analysis of VOC.
Introduction
Vehicle emissions constitute one of the main sources of atmospheric pollution in modern cities [1] . The increasing number of passenger cars, especially during the last two decades, resulted in complex traffic problems with serious consequences on emissions and fuel consumption. Additionally, diesel engines are the main power source in heavy-duty trucks and buses and their share is rapidly growing in passenger cars as well. Almost half (48%) of new passenger cars in the Europe are based on a diesel engine [2] .
Over the last years, improving engines efficiency has been a concern in reducing the fuel consumption. An example of this improvement is shown by the evolution of emission standards for road transport in Europe [3] from 1992 (EURO 1) to the present. For instances the NOx emission standards for diesel passenger vehicles decreased 91% (from 0.90 to 0.08 g km −1 ). Besides the measures to improve the engine efficiency, recent diesel cars are equipped by default with diesel particulate filter systems, which can reduce these emissions by more than 90% [4] . Moreover, these cars are equipped with an exhaust gas recirculation system which adds exhaust gas to the air-fuel mix, reducing the combustion temperature and then minimizing the production of NOx by 10-25% [5, 6] .
On the other hand, the production and consumption of biofuels increased rapidly worldwide (from 16 billion litres in 2000 to more than 100 billion litres in 2011, according to the International Energy Agency [7] in an attempt to reduce greenhouse gas emissions, to diversify transportation fuels, promoting renewable energy and creating employment, especially in rural areas and developing countries. In the European Union, the investment in the energy sector, namely on biofuels, is one of the key strategies to meet the European commitments to the Kyoto Protocol and to develop a low carbon economy. Taking this on board the European Union's proposed scheme includes sustainability criteria for biofuels and a goal of 10% of renewable energy in the transportation sector by 2020, as described by the European Renewable Energy Directive (2009/28/EC).
Over the last few years, several studies have been published regarding engine performance and the effects on atmospheric pollutant emissions when biodiesel is used as pure or blend fuel. Based on these studies, the review developed by [8] points out that: biodiesel effects on exhaust emissions vary significantly among vehicles, engine technology, and driving patterns. Several studies [e.g. [8] [9] [10] [11] have been recently published contributing to the understanding of the engine behaviour regarding emission and performance profiles under specific driving cycles, such as the New European Driving Cycle (NEDC), and using different diesel/biodiesel blends. However, these studies focused on the EURO 2 and VOC are presented in this document. For more detailed information the readers are invited to consult [13] .
The study was made using the vehicle in a NEDC on a laboratory chassis dynamometer. Fuel blends containing 7%v/v (B7) and 20%v/v (B20) of soyabean/palm biodiesel (84%/16%), in volume basis, in petroleum-based diesel were tested and compared with a 100% diesel fuel (B0).
The test procedure
The vehicle used in this experiment was a Renault Mégane 1.5 dCi (2011) equipped with a common-rail direct injection diesel engine and meeting EURO 5 emission standards. The technical specifications of the vehicle are listed in Table 1 . This vehicle was selected because it is the most sold vehicle in Portugal with 7324 units sold between January and October 2011 [14] . This vehicle, as all modern diesel cars, is equipped with diesel particulate filter systems in order to fulfil the requirements of EURO 5 standard. This vehicle is also fitted with an exhaust gas recirculation system.
Fuel blends containing 7%v/v (B7) and 20%v/v (B20) of soyabean/palm biodiesel (84%/16%), in volume basis, were tested and compared with a 100% diesel fuel (B0). The fuel properties are presented in Table 2 .
It is relevant to note the main differences when comparing biodiesel with fossil diesel: biodiesel is more viscous, fuel diesel has a higher heating value, biodiesel is denser and it has about 10-11% of oxygen content while petroleum-based diesel does not have oxygen. These factors will influence the combustion process and, namely the fuel consumption and emission factors for gaseous and particulate pollutants. The experiments were carried out with the vehicle placed over a chassis dynamometer (Figure 1a) ), according to the NEDC (Figure 1b) ), simulating the typical usage of a car in Europe, in order to quantify vehicle emissions under distinct driving conditions. To assure the comparability of the emission measurements, the NEDC was repeated four times for each fuel blend and each first replica was not considered in data analysis in order to minimize the impacts of the fuel change on the engine performance. Moreover, the exhaust gases and the engine coolant temperatures were approximately 100ºC and 80ºC, respectively, at the start of the test procedure, to guarantee that each trial was performed at the same conditions. Thus, the concentration measurements were performed under hot conditions.
The monitoring of NO 2 , NO, SO 2 and total VOC concentrations was carried out on-line and continuously, which allows the understanding of the complete exhaust pollutant concentration profile over the NEDC conditions. Samples of exhausted gas were collected using Tedlar bags in order to perform VOC speciation analysis by gas chromatography according to the methodology described by [15] . The specifications of the measurement equipment is described in detail in [13] . Table 3 compiles the fuel consumption and the mass air flow measured as indicator of the engine behaviour during the trials carried out, as well as the mass flow rates of exhaust gases determined according to the principle of mass conservation and the volumetric flow rate based on the estimation of the densities of each product. It should be noticed that the consumptions presented correspond to the mean value of the tests performed for each fuel, with the distinction between the respective driving cycles, whereby the flows obtained are presented as mean flows. The fuel consumption and the mass air flow are similar among the different used fuel blends. Therefore there was no noticeable effect of the use of biodiesel in the diesel engine operation.
Results and discussion
The emission factors (EF) were calculated taking into account the volumetric flow rate for each fuel type analysed and each driving cycle (UDC and EUDC), the speed and the pollutant concentration measured on a dry basis. In order to establish the comparison between the different fuels analysed, mass concentrations were corrected for standard conditions (temperature and pressure). Since the Portuguese Decree No. 677/2009, of June 23, establishes the emission limit values applicable to combustion plants, especially on internal combustion engines, to an oxygen content of 15%, this was the value used in the correction of oxygen.
Various nitrogen-based components are formed during the combustion process on a diesel engine, in particular NO and NO2. The formation of NOx depends mainly on the oxygen available, the local combustion temperatures and the load conditions [16] . The nitrogen oxides emission factors obtained by fuel type and driving cycle are presented in Figure 2 . Looking at the complete driving cycle, the NOx emissions are below the EURO 5 limit value for all blends (0.18 g·km -1 , EC Regulation 715/2007). Typically, the NOx produced by a combustion reaction on a diesel engine is about 98% NO [16] . However, the experimental results point out a distribution of about 50% of NO and 50% of NO 2 , which means that the combustion processes occurred in the presence of excessive O 2 , allowing the oxidation of NO to NO 2 from the motor to the tailpipe. over NEDC) with a reduction of 10.8% and 11.4%, when compared to B0 and B7, respectively. Furthermore, the trend of NO emissions for each fuel is similar to NOx. This can be explained by the reduced need of air and fuel (see Table 3 ) of B20, since NO is mainly formed during the combustion process, in other words, B20 promotes a more efficient combustion.
The exhaust gas temperatures of B20 and B0 are similar (109.1ºC and 109.0ºC for B0 and B20, respectively) and higher than B7 (100.4ºC), which could explain the lower NO2 emissions associated to B7 over UDC and NEDC, due to NO 2 being mainly formed by the Zeldovich mechanism [17] .
Besides the results not displaying a clear trend, they point out to a decrease of NOx emissions, mainly due to the increase of combustion efficiency with higher mixture rates of biodiesel. The improvement of combustion efficiency is probably due to the increase of the blend's viscosity (biodiesel is more viscous than diesel -see Table 2 ), which can play an important role in improving the lubrication of the injection metallic components of the engine.
The SO2 present in exhaust gas is entirely due to the sulphur content of the fuel. As Table 2 shows, the fuels used in these set of tests had higher sulphur content than the maximum allowed in Europe (10 ppm) by EN 590:2009. In this sense, the SO 2 emission factor obtained should be only analysed as variations between B7 and B20 regarding pure diesel (Figure 3 ). The obtained results show a reduction on SO 2 emission factor compared with pure diesel, in more than 20% using B7 and more that 50% using B20, over the UDC, EUDC and NEDC.
As described in section 2, two different kinds of measurements of VOC concentrations took place during the experiments: (1) through the flame ionization detector total VOC concentrations were measured per minute; and (2) a sample of exhausted gases was collected into a bag during the third UDC and EUDC of each NEDC in order to perform a VOC speciation analysis by gas chromatography. Figure 4a ) represents the total VOC emissions from the three fuels used, and Figure 4b ) shows the concentration of a set of VOC species found in the exhaust gas. Compared with pure diesel, the B7 fuel displays higher values of total VOC emissions (Figure 4a) , especially over the UDC, while the B20 fuel presents similar values to B0. However, the comparison between B7 and B20 fuels indicates that total VOC emissions decrease with higher biodiesel rates. Lower emissions may result from higher cetane number and oxygen content for B20 fuels. Fuels with high cetane number can reduce ignition delay and help promote more complete combustion, which could lead to the reduction of hydrocarbon emissions. In addition, higher oxygen content in B20 fuel helps to combust completely and to reduce emissions [18] .
Gas chromatography results (Figure 4b) show that the set of VOC species and their concentrations change according to the fuel blend used. Sixteen different VOC species were found in B7 and B20, instead of the twelve presented on exhaust gases from experiments with pure diesel (B0). The set of dominant VOC (species with concentration above 50 ng·m -3 ) regarding pure diesel is characterized by the presence of benzene (25.9%), toluene (21.1%) and octane (18.1%). On the other hand the set of dominant VOC for B7 includes nonane (16.0%), benzene (13.7%), butanal (11.1%), m,p-xylene (10.6%) and 2-ethoxyethanol (8.9%). Finally, for B20 the main VOC are butanal (18.3%) and m,p-xylene (14.1%). The obtained results point out that the concentration of the three main VOC species in exhaust gases from B0 (benzene, toluene and octane) decrease between 60 and 80% if a B20 blend is used.
It is also interesting to verify that specific VOC species may appear in exhaust gases if a biodiesel blend is used as fuel instead of pure diesel, namely 2-propanol, 1-butanol, 2-ethoxyethanol, α-pinene.
In accordance with [19] the dominant VOC of pure diesel engine exhausts have the highest chronic hazard quotients and hazard indices than VOC from B20. Thus, the use of pure diesel is more harmful for human health than biodiesel blends, in terms of VOC emissions.
Final remarks
The influence of B7 and B20 biodiesel blends on the fuel consumption and the exhaust gas emissions patterns of a EURO 5 light passenger vehicle operating over the New European Driving Cycle (NEDC) were assessed.
The analysis of NOx within the set of fuels tested allows the confirmation that B20 was the better blend in terms of emissions and also combustion efficiency. The opposite was found with B7. In the combustion chamber, the NO emissions decrease in the presence of B20, when compared to B0. On the other hand, after the combustion, NO2 emissions increase with B20 and decrease with B7. This occurred mainly because B20 allows higher combustion temperature (due to a better efficiency) than B7 and B0.
The results show a positive influence of the use of biodiesel blended in diesel in the SO 2 emissions. Regarding the complete NECD is possible to reduce SO 2 emission factor from pure diesel in more than 20% using B7 and 50% using B20.
The experiments performed show that total VOC emissions may increase with biodiesel blend ratios. However the set of VOC species present on exhausted gases is highly dependent on the fuel blend used. B0 presents VOC species with harmful effects to human health.
One of the central results of this experiment is that the use of B7 may imply higher emissions than B0 and B20. This may be explained by the lower combustion temperature that occur when B7 is used, which probably destabilized the combustion and catalyst processes and thus increasing the fuel consumption and NOx and VOC emissions.
